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Abstract

Production forests with Norway spruce monocultures are experiencing mass mortality in
Europe, due to climate change and biotic pests. In The Netherlands, Hart van Drenthe,
rewilding management is utilized to create a more natural sustainable forest. In this study, |
investigated how a rewilding management in spruce forests impacts the forest composition
and diversity over time. To achieve this, | conducted field data collection across 22 plots
situated within spruce forest sites arranged along a temporal gradient, or chronosequence,
reflecting varying stages of dieback progression over 23 years. Analyses included regression
models over the years to identify changes in species diversity and PCA to identify changes in
species composition. Results indicated along the chronosequence the diversity increases
based on species abundance and Shannon diversity index. Approximately 6 years after first
dieback Norway spruce stands, the proportion of new species and the total number of
individuals increases. Indicated that the composition of species is similar in the first years since
first dieback, but started to change around 14 years of being affected and changes again after
23 years of affected. Along the chronosequence (time since first dieback), the diversity
increases. This study shows that the species composition along the chronosequence of dieback
from monocultural Norway spruce stands, changed from a spruce forest to a more diverse
forest. Nevertheless, the direction of the compositional change does not appear to be
unidirectional, indicating the context dependency and complexity of these long-term

processes.
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Summary

Productiebossen met monoculturen van fijnsparren ondervinden massale sterfte in Europa als
gevolg van klimaatverandering en biotische plagen. In Nederland wordt in het Hart van
Drenthe rewilding management toegepast om een natuurlijker en duurzamer bos te creéren.
In deze studie onderzocht ik hoe rewilding management in fijnsparbossen, de bos
samenstelling en diversiteit in de loop van de tijd beinvlioedt. Om dit te bereiken, heb ik
veldgegevens verzameld op 22 percelen in fijnspar bossen, gerangschikt langs een temporele
gradiént of chronosequentie, die verschillende stadia van achteruitgang gedurende 23 jaar
weerspiegelt. De analyses omvatten regressiemodellen over de jaren om veranderingen in
soortendiversiteit te identificeren en PCA om veranderingen in soortensamenstelling te
identificeren. De resultaten geven aan dat langs de chronosequentie de diversiteit toeneemt
op basis van soortenrijkdom en de Shannon-diversiteitsindex. Ongeveer 6 jaar na de eerste
achteruitgang van fijnsparren, neemt de hoeveelheid soorten en het totale aantal individuen
toe. Het wijst erop dat de samenstelling van soorten in de eerste jaren na de eerste
achteruitgang vergelijkbaar is, maar begint te veranderen rond 14 jaar na de eerste
achteruitgang en verandert opnieuw na 23 jaar. Langs de chronosequentie (tijd sinds de eerste
achteruitgang) neemt de diversiteit toe. Deze studie toont aan dat de soortsamenstelling
veranderd langs de chronosequentie van omvallen van monoculturele fijnsparbossen van een
sparrenbos naar een meer divers bos. Desalniettemin lijkt de richting van de
samenstellingsverandering niet eenduidig te zijn, wat wijst op de contextafhankelijkheid en
complexiteit van deze langetermijnprocessen.
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Introduction

Forests in Europe have far-reaching benefits in numerous aspects. Besides the economic
importance of timber production, forests offer benefits in for instance climate regulation and
water control. The contribution as climate regulations can be found in carbon and nitrogen
storage and absorbing carbon dioxide. The contribution in water control is in providing clean
water, but also stocking water and lowering evaporation (Forests and Forestry, 2023). Different
forest management types focus on diverse aspects of the forest, understanding all the effects
on forests of different forest management types is important to create a more sustainable
forest (Simler-Williamson et al., 2019). In timber producing forests, the management has to
balance the economic benefits versus the ecological benefits. A timber producing tree which
was introduced in many parts of Europe in the 19 century, is the Norway spruce (Picea abies)
(Klimo & European Forest Institute, 2000). Norway spruce can grow on low soil fertility and a
range of climate conditions, while being more productive for forestry purposes than more
common native species. Norway spruce wood is a high demanded construction wood as, it is
light in weight, and it is also a preferred wood for bioenergy (Jandl, 2020). Norway spruce is a
fast grower and prefers average acidic (5.0-6.5 pH) and well-drained sandy soils (Eko et al.,
2008; Oulehle & Hruska, 2005). Typically, Norway spruce forests are planted as monocultural
forest. While such single-species forests are economically beneficial, they can be disruptive for
the sustainability of the forest, as they are more susceptible for abiotic stressors (e.g., climate
change) and biotic stressors (e.g., pests). Ongoing climate change has a large influence on
Norway spruce, as the increased periods of rain in the autumn and winter combined with long
periods of extreme drought in spring and summer are increasing the stress and mortality
survivability of the trees. In addition, due to the effects of climate change, Norway spruce
seems also more vulnerable to outbreaks of the European spruce bark beetle (Ips
typographus), a native bark beetle that is a pest species to Norway spruce, and can affect
complete forests. Indeed, outbreaks of bark beetles are often correlated to periods of extreme
drought or wet periods, happening due to the stress of Norway spruce because of the extreme
climate (Obladen et al., 2021). When in large numbers, bark beetles can even affect healthy

trees. Norway spruce infected by /. typographus goes through 4 stages: alive trees have green
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needles (1), when first infected the trees look like stage 1 but with brown needles (2), after
being infected for a while, the trees have lost part of their needles and have holes in the bark
(3). and lastly the trees are still standing up but have hardly any bark left (4) (Storaunet, 2004;
Wermelinger, 2004). The Norway spruce is an evergreen tree species, increasing the contrast
between affected and non-affected trees. Management in Norway spruce production forests
aims to minimize the attack of the bark beetles on living trees. Historically each infected tree
was logged and debarked, which was labor intensive and therefore this management seized
to exist. A common used method is clearing windthrows, afterwards the already infected trees
can be removed (Havasova et al., 2017). After massive diebacks of Norway spruce, different
management strategies are in place, like replacing Norway spruce with new Norway spruce
trees, by actively replacing Norway spruce with different tree species by
reforestation/replantation or by rewilding management, such as hands-of management.
Production forests lack biodiversity, due to single-species tree stands, have a negative impact
on the worldwide biodiversity crisis. By increasing the biodiversity in monocultural forests, a
more sustainable and future-proof forest is created. (Hallmann et al., 2017; Sanchez-Bayo &

Wyckhuys, 2019).

Rewilding management type abandons the production forest target, and aims to create a more
natural sustainable forest. The, by stressors, affected Norway spruce are not removed, and will
turn into dead standing trees (snags) or lying dead wood. Norway spruce increase the acidity
of the soil, creating a suitable environment for the species to grow (Uroz et al., 2016).
Therefore is a risk of recreating a monocultural Norway spruce forest, despite efforts to create
a more natural diverse forest (Zeppenfeld et al., 2015). This type of management increases
structural heterogeneity over a long period of time and higher chance of increased biodiversity
in temperate forests (Thers et al., 2019). Different management types after massive diebacks
of Norway spruce, showed minimal influence on the number of spruce bark beetles, however
natural disturbances like storms, fire and drought had a large effect on the increase in number

of spruce bark beetle (Fora & Balog, 2021; Schlyter et al., 2006)

In the Netherlands, Norway spruce was added as production trees from the mid-nineteenth
century onwards. The sandy soils (in the East and South of the country) combined with a
maritime climate created favorable growing conditions for the trees. However, ongoing long-

term shifts in temperature and weather patterns are currently causing less favorable
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conditions for Norway spruce trees, increasing the abiotic stress of the trees and, making the
trees more susceptible for biotic pests (I. typographus). Management has adopted new
strategies to handle the effects of /. typographus, abstaining from preventing the infection of
the pest or logging the affected trees, but a more natural management type often being

rewilding.

In this study, it is aimed to assess the impacts of a rewilding management in spruce forests on
the forest composition and diversity over time. For this, | studied woody vegetation
recruitment in Norway spruce forest sites in Drenthe, The Netherlands, along a
chronosequence of time since (indications) of spruce dieback. In 22 plots of 10m x 10m along
this chronosequence, | recorded tree species diversity and evenness. Using this space for time
substitution, | assessed changes in type of woody vegetation composition and nativeness over

time, with a focus on the changes in survival of Norway spruce in different size classes.
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Materials and methods

Study area

The study area (Hart van Drenthe) is located in the north of The Netherlands, in the center of
the province Drenthe (52°54'N 6°36'E) and is part of the National Park Drentsche Aa (figure
1A) and is managed by Staatsbosbeheer. A small part is a Natura-2000 area (The Elperstroom).
Hart van Drenthe contains approximately 5000ha and is a collaboration of 3 forest units since
1980 (Old Grol, 2024). The mean elevation is approximately 20m NAP, with a mean annual
temperature of 11.28 °C and an annual rainfall of 822,825mm (weather station: Hoogeveen,
average of 2013-2023).

The study area has a moderate maritime climate, formed in a stream valley with
nutrient-pour sandy soil, with a shallow clayish top horizon. Historically, the swampy area was
wild and inaccessible to humans, but human interventions changed the landscape over time
by mining the peat after which, the area became an open sandy area with massive sand drifts.
Heath flourished on the open sandy area, combined with intensive livestock grazing.
Afterwards the area planting with trees for forestry purposes (Norway spruce, Scots pine and
others), creating the forests that still exists. The forest was partially planted by
Staatsbosbeheer and has been managed by them ever since.

Therefore, the vegetation is dominated mainly by species planted in the area, such as
dominant woody vegetation like Norway spruce (Picea abies), Red oak (Quercus rubra),
Japanese larch (Larix Kaempferi) and common beech (Fagus sylvatica). Dominant vegetation
in the area without human intervention such as the European heath (Calluna vulgaris) and on
nutrient poor wet soils and bogs is common cottongrass (Eriophorum angustifolium). The
natural habitats supporting diverse wildlife populations, among which populations of roe deer,
wolves, beavers, and numerous species of woodpeckers, underscoring its ecological
significance.

The study area attracts a diverse range of visitors throughout the year, including hikers
and cyclists, but there are no cars allowed in the area. The area has a network of asphalted

thoroughfares, stone pathways, and natural unpaved trails.
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Site selection

Sites in the area are outlined by ditches and contain a site number, the area is merged out of
3 forestries Hooghalen (red), Grolloo (blue) and Schoonloo (figure 1B). Schoonloo is removed
from this study, due to year-round grazing by cattle. In general, sites were selected with
monocultures of Norway spruce and with a known time since first dieback was noticed in the
stands by Staatsbosbeheer. Also, sites required sizes larger than 10.000m?2. In each site with a
known time since first noticed dieback, three plots of 10m x 10m were placed in sites with
corresponding years since first affected. In unaffected sites (i.e. with no observed die back of
individual Norway spruce at time of study) four plots were selected; either in the same site or
in different sites. In order to create a chronosequence, a wide variety of different sites with
different years since first affected are needed. Therefore, data from Hooghalen and Grolloo
are pooled together. In Hooghalen sites appear to be affected earlier compared to Grolloo. In
total | sampled 22 plots along a chronosequence of 23 years (table 1), with 4 sites in forestry

Hooghalen and 8 sites in forestry Grolloo.

Table 1: sampled sites in study area

Year first affected Sites sampled | Plots sampled | Location

2000 2 3 Hooghalen

2003 2 3 Hooghalen + Grolloo
2009 1 3 Hooghalen

2017 1 3 Grolloo

2018 3 3 Grolloo

2020 1 3 Grolloo

unaffected 3 4 Hooghalen + Grolloo
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Figure 1: Location of Hart van Drenthe in The Netherlands with the study area

Showing the location of the study site, A) Hart van Drenthe in The Netherlands and the province of Drenthe. B) the sites with Norway
spruce stands in Hart van Drenthe with in red the Hooghalen area and in blue the Grolloo area. In yellow the studied sites, brown
dots showing the number of plots in the site and the number in yellow block corresponding to the number of years since first being
affected.

Fieldwork was performed during summer (June — August) of 2023, with an average
temperature of 17,7 Celsius (Weergegevens Hoogeveen 2023 - Weerstatistieken KNMlI, n.d.)

and an average rainfall of 94,3mm (Jaar 2023, n.d.).

Sampling design and data collection

Measured variables at plot level (10m x 10m)

Percentage cover of grass, moss and bare soil was estimated in percentages at plot level. Dead
wood on the ground was divided into 3 classes based on diameter size (<5cm, 5-10cm and
>10cm) and visually estimated in percentages covering the ground. The humus layer thickness
(cm) was measured as the horizon layer (leaf litter + decomposition layer + humus layer) in the

center of the plot, but at least 1m away from a tree (trunk).

The total number of trees in the plot was counted, with each tree divided into 4 ‘vitality’

classes: standing alive, standing dead, lying down alive and lying down dead. The average tree

10
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density is the tree density divided by the total number of trees. In addition, | counted the
number of tree stumps in the plot as indicator of human interference (logging). The woody
vegetation height from 40cm high onwards, was measured at individual level; below 40cm an

estimation of the percentage cover.

For the canopy cover a photo was made in the center of the plot at least 1m away from a
standing tree at 1.5m height. Canopy openness was calculated with Imagel (Schneider et al.,
2012). For that, | configurated the picture to black and white, limiting the threshold to show
everything of the tree as white, such as leaves and branches, and the rest as black. Canopy

openness was described as the fraction of black pixels compared to the whole image.

To have a broader indication of the forest composition of the site, | selected 10 nearest mature

trees outside the plot and recorded species identify and whether they were alive or dead.
Measured variables at subplot level (Im x 1m)

Each 1m x 1m plot was subdivided in hundred subplots of 1m?, and in each subplot the
individual woody species (> 40 cm tall) were scored. First, | noted the species and the number
of stems at the bottom. The length of the longest tribe was measured as maximal length
(length of individual if had grown straight up), and as normal length (length of individual). The
diameter was measured or calculated based on the circumference in cm. The diameter was
measured as closely to the soil as possible, while the circumference of trees was measured at
DBH (diameter at breast height). Further, it was identified whether the individual had signs of
browsing (twigs of branches bitten of). Finally, the individual was scored as being alive (0) or
dead (1). Decomposition of dead Norway spruce was scored on the level of decomposition,
with alive individuals scoring a (0) and dead individuals ranging from low to high (1-4) as

described by (Smith et al., 2009).

Data analyses

All analyses were performed using R Statistical Software version 4.2.1 (R Core Team, 2021).
Data were reformed and visualized with the use of tidyverse and tidyr, and the analyses were

performed with Ime4 and ImerTest

Differences in diversity

11
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Diversity was referred to as the different measures of species richness, including species
diversity and evenness. In this study, multiple values to indicate diversity were measured.
Species abundance was calculated as the total number of species recorded in each site.
Shannon diversity index (H’) was calculated with R vegan package (Oksanen et al., 2022) based

on the formula:

s
H' = - z p; logpp;
=1

where p; represents the number of individuals of species in a plot divided by the total number
of individuals in the plot, log is the normal logarithm, and } is the sum of the calculations. The
Shannon diversity index incorporates the species richness and proportion of each species in

sampled plots.

Evenness in species abundance was studied with Buzas Gibson’s evenness index (E),

calculated with the formula:

where H’ is the Shannon diversity index, e is the natural logarithm base, and S is the total
number of species. Evenness visualizes the equitability of abundances of different species,
varying from 0 indicating different abundance in the species to1l indicating all species have the

same abundance.

The dominance of Norway spruce was calculated by dividing Norway spruce individuals in a

plot (Nx) by the total number of individuals in the plot (Ntot).

Ny

D =
NtOt

| tested if the time / year since first noticed dieback affected the various diversity indices
(species richness, Shannon diversity, Buzas-Gibson Evenness, Norway spruce dominance)

using Im/glm models. When the assumptions of normality and homogeneity were not

12
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reached, transformations were performed. Therefore, in species richness a poisson
distribution was used, in the Shannon diversity the data was square root transformed finally
in the Norway spruce dominance the data was exponentiated. The type and origin data were
transformed with a binomial distribution. In the graphs untransformed data are shown. The
gaussian distributed models were tested with a t-test (p<0,05) and the explained variance of
adjusted R"2. The poisson and gamma distributed models were tested with a Goodness-off-
fit-test (X~2 < 0,05). The best model was chosen based on lowest AlC-value and ecological

relevance.
Types of woody vegetation

Woody species were grouped into deciduous or coniferous type and native or non-native origin
(S1). In order to identify the changes occurring in species diversity over the years, the changes
in types and origin of woody vegetation were identified. Changes over time between type and

origin was tested with a generalized linear model (family = binomial).
Changes in species composition: multivariate analyses

Sites and species abundance was studied with a principal component analysis (PCA) biplot. A
biplot analysis is a multivariate graphical representation, showing the distribution of species
compared to all species. The PCA analyses were performed with multiple R packages, like
ggfortify, ggalt, corrr, ggcorrplot, FactoMineR and factoextra. Patterns in species composition
of woody vegetation along the chronosequence were also explored with a PCA, based on the

abundance in grouped years (plots of same year of first recorded dieback).

13
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Results

1. Changes in species diversity

The species richness, expressed in total identified woody species per plot, increased along the
chronosequence since first noted dieback (figure 2A). In unaffected sites (year = 0), low species
richness was found with an average of 1.5 (table 6). The average species richness increased
over time (table 6), with the highest species richness (7.67) found in the sites with the longest
history of dieback (23 years since first dieback; table 6). The best fitted model for species
richness according to the AlC-value (81.58) includes Years (since first noted dieback) and
number of tree stumps (table 2). Indicating the longer an area has had since first dieback and

a lower tree stumps number in the area, a higher number of species can be found.

Table 2: Results of GLM (repeated measures ANOVA design) with poisson distribution, showing
significance (P-value) changes along the chronosequence. The best fitted model is as well shown,

included with the AIC and the Chi*2 value

Effect: Species richness Estimate P-value AIC Chin2

Years 0.06733 6.32e-07 | 88.08 3.347e-07

Years + tree stumps 0.02865 + 81.58 3.347e-07 + 0.003557
-0.25423

The Shannon diversity index (H’) is lowest at unaffected sites (H'=0.0036; mean=0.13) (tablel).
It increases along the chronosequence, but is highest around 14 years after first noted dieback
(figure 2C) and stabilizes afterwards (H’=1.163; mean=0.81). The best fitted model for Shannon

diversity according to the AlC-value (-0.688) only includes Years (table 3).

Table 3: Results of LM (repeated measures ANOVA design) with a square root transformation,
showing significance (P-value) changes along the chronosequence. The best fitted model is as well

shown, included with the AIC and the F-value. R? of best fitted model = 0.7236

Effect: Shannon diversity Estimate P-value AIC F-value

Years 0.028284 0.0002 -0.688 | 0.0001997

14
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Buzas Gibson evenness (E) differs over years and has a downward trend (figure 2D). The highest
Buzas Gibson evenness values were noted at O years and 14 years after first noted spruce
dieback (table 6). The best fitted model according AlC-value (-0.553) for Buzas Gibson evenness
includes Years, percentage of mosses, humus layer (cm), percentage of woody vegetation

<40cm and number of tree stumps (table 4).

Table 4: Results of LM (repeated measures ANOVA design) with a poisson distribution, showing
significance (P-value) changes along the chronosequence. The best fitted model is as well shown,

included with the AIC and the F-value. R? of best fitted model = -0.04421

Effect: Buzas Gibson Estimate P-value | AIC F-value
evenness

Years -0.010151 0.0587 | -7.414 | 0.058

Years + Mosses + Humus -0.0086 + 0.00023 + | 0.537 -0.553 | 0.086 + 0.985 +
layer + Woody Vegetation -0.0176 +-0.0020 + 0.613 + 0.606 +
<30cm + tree stumps 0.02008 0.637

The best fitted model (AlC-value: 11.54) for dominance of P. abies includes Years and the
fraction of dead trees in the area (table 5). Dominance of P. abies differs over the years and
shows a downward trend (table 6). The lowest P. abies dominance was at 14 years after first
noted dieback, while the latest years (20 and 23 years) have similar values as the earlier years

(3 and 5 years) (figure 2E).

Table 5: Results of LM (repeated measures ANOVA design) with a square transformation, showing
significance (P-value) changes along the chronosequence. For the Surrounding Trees dead fraction,
the same model was used, but without the square transformation. The best fitted model is as well

shown, included with the AIC and the F-value. R? of best fitted model = 0.7236

Effect: Dominance P. Estimate P-value | AIC F-value

abies

Years -0.013351 0.168 15.48543 | 0.1682

Years + Surrounding 0.002515 + - 0.1798 | 11.5462 | 0.2267 +0.1530
Trees dead (fraction) 0.447300

Table 6: Means of all variables per year

15
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Affected Mean total | Mean Shannon | Mean Buzas Gibson | Mean Mean
Years species diversity evenness Dominance P. abies | Total

0 1,50 0,13 0,67 0,965 38,50
3 2,00 0,03 0,39 0,6 8,00

5 1,67 0,08 0,22 0,633 10,00
6 3,00 0,11 0,40 0,851 63,33
14 4,67 0,81 0,50 0,381 119,67
20 5,67 0,47 0,29 0,678 247,33
23 7,67 0,81 0,30 0,676 213,67

Total species
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Figure 2: Linear changes of the different species diversity indices and values

The different panels in this graph show different species diversity indices and values. Each of the panes has on

the x-axis the time since first dieback noted, and all panels have a linear regression line. A. the total number of

species in each plot is visualized. B. the total number of individuals in each plot is visualized. C. the Shannon

diversity index is visualized. D. The Buzas Gibson evenness index is visualized, with 1 is complete even

distribution and 0 is completely uneven distribution. E. the dominance of P. abies, based on the number of P.

abies individuals compared to total number of individuals is visualized.
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2. Changes in type and origin of woody vegetation (coniferous vs. deciduous,
native vs. non-native)

2.1 Coniferous or deciduous woody vegetation

Along the chronosequence, the percentage of coniferous trees goes down and the percentage

of deciduous trees goes up (figure 3). The decrease in coniferous trees is highly related to the

years since first recorded dieback (p = 2.59e-11). Overall, it shows that time since first dieback

has a significant effect on the percentage coniferous versus deciduous trees, combined with

the decrease of coniferous trees over time by 0.0664 (table 7). This trend is also visible when

looking at the total number of deciduous and coniferous trees over time (table 8).

Table 7: Results of GLM (repeated measures ANOVA design) with family=binomial, showing significance (P-
value) changes along the chronosequence. Best fitted model is as well shown, included with the AIC.

Predictor Estimate Standard error | Z-value Pr(>|z])

Type ~ Years -0.0664 0.0099 -6.668 2.59e-11 ***
Table 8: The change of type along the chronosequence

Type Oyears | 3years | 5years |6years |14 years |20 years | 23 years

Deciduous | 0 2 4 3 107 111 123

Coniferous | 178 54 48 194 270 641 528

Total 178 56 52 197 377 752 651
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Figure 3: Type change along the chronosequence

The figure shows on the x-axis years since first dieback noted and, on the y-axis, the total trees divided into 2
groups, either coniferous or deciduous. Showing in unaffected sites only coniferous trees are present, at 14
years the percentage of coniferous trees is lowest. Overall, along the chronosequence the percentage of
coniferous trees decreases and deciduous trees increases. The proportion is only depended of 2 variables,

therefore sum up to 100, the percentage 1 goes up, the other goes down.

2.2 Native or exotic woody vegetation

Along the chronosequence, the ratio of exotic trees goes down, hence the ratio of native trees
goes up (figure 4). The decrease in exotic trees is highly related to the years since first affected
(p =1.34e-10). Overall, it shows that time since first dieback has a significant effect on the ratio
native versus exotic trees, combined with the decrease of exotic trees along the
chronosequence by 0.065 (table 9). For both origins, the total number of trees also increases

along the chronosequence (table 10).

Table 9: Results of GLM (repeated measures ANOVA design) with family=binomial, showing
significance (P-value) changes over time. Best fitted model is as well shown, included with the AIC.

Predictor Estimate Standard error | Z-value Pr(>|z])

Type ~ Years -0.06523 0.01016 -6.423 1.34e-10 ***
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Table 10: The change of native trees over the years

Type Oyears | 3years | 5years |6years | 14years | 20 years | 23 years
Native 0 2 4 3 100 109 114
Exotic 178 54 48 194 277 643 537
Total 178 56 52 197 377 752 651

100%
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g 60"0
c Native
S
t No
8_ “* Yes
g 40%

20% L

0% ¢
10 15 20

Affected Years

Figure 4: Origin changes along the chronosequence

The figure shows on the x-axis years since first affected and on the y-axis the total trees divided into 2 groups,

either native (yes) or exotic (no). Showing in unaffected sites only exotic trees are present, at 14 years after first

dieback the percentage of exotic trees is lowest. Overall, along the chronosequence the percentage of exotic

trees decreases and native trees increases. The proportion is only depended of 2 variables, therefore sum up to

100, the percentage 1 goes up, the other goes down.
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3. Changes in size in Norway spruce regeneration

Along the chronosequence, there is a constant higher number of small-sized Norway spruce
recruits, while larger Norway spruce individuals (e.g. > 100 cm) are rare (figure 5). Yet, this
number of larger Norway spruce recruits is higher in the older sites since first dieback (from 6
years onwards). Years since first dieback, has no significant effect on the size of regenerated

Norway spruce. Plenty environmental variables have a significant effect on the size (table 11).

0 3 5

Figure 5: Size changes along the chronosequence in Norway spruces
Each different graph shows a different year since first noted spruce dieback, combined with the color changes.
The height of the bar shows the number of individuals with that size. The y-axis is equal in all graphs, the x-axis

is not the same in all the graphs.

Table 11: Results of LM (repeated measures ANOVA design, showing significance (P-value) changes
over time. Best fitted model is as well shown, included with the AIC.

Effect: size Norway spruce Estimate P-value | AIC Adjusted R?
Years 0.33 0.0109 | 17209 | 0.00326
Total trees + mosses + grasses + dead -1.80+1.34 +0.86 + 2.2e-16 | 16910 | 0.1689

wood <5cm + woody vegetation <40cm + 0.95+-1.58 +-36.92 +

density + canopy cover + tree logged -38.82 +-8.65
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4. Changes in species composition

To determine changes in species composition along the chronosequence, | performed multiple
ordination strategies. Some species are more often found together compared to others (Fig.
6). For example, Birch (Bspe), English oak (Qrob) and Norway spruce (Pabi) point in the same

direction with similar arrow lengths, therefore are more commonly found together (figure 6)
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Figure 6: PCA of the species composition

The PCA shows the species based on abundance per plot, the species arrows with similar size and direction are
more often found together. The species in the PCA are laqu (llex aquifolium), Sauc (Sorbus aucuparia), Pser

(Prunus serotina), Lkae (Larix kaempferi), Rfra (Rhamnus frangula), Fsyl (Fagus sylvatica), Sari (Sorbus aria), Pabi
(Picea abies), Qrob (Quercus robur), Bspe (Betula species), Pmen (Pseudotsuga menziesii), Psyl (Pinus sylvestris)

and Pnig (Pinus nigra)

Along the chronosequence, the species composition shows differences with a PCA (figure 7).
The PCA indicates that the species composition is similar at overlapping time points of the
chronosequence, while it is different when years don’t overlap. The x-axis explains 38.86% of
the variation and the y-axis explains 17.87%. Each year of first noted spruce dieback was tested
3 times at different locations, each plot is a different point in the graph. The whole triangle

shows the range within the species composition lies. The early years (year = 0, 3, 5 and 6)

21



Charel Jager
RUG —2023-2024 — Natural tree regeneration along a chronosequence of dieback-affected Norway spruce stands

overlap, while years 14 and 20 overlap with each other but with no other year and 23 years is

completely separate from the others.

0 5 14 23
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PC2 (17.87%)
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PC1 (38.86%)

Figure 7: PCA of the species composition changes along the chronosequence

PCA showing the different years since first dieback in different colors, each dot shows a different plot. The
arrows are formed similar as in figure 6, based on abundance in a plot. On the right side the early years are
grouped together. In the center the middle years (14 and 20 years) are overlapping each other and on the left

side the eldest years (23 years) is located not overlapping with any of the other years.
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Discussion

In this study the woody vegetation species diversity and composition was assessed along
chronosequence of 23 years of Norway spruce dieback. It was shown that the diversity changes
along the chronosequence, based on species abundance, the Shannon index and Buzas-Gibson
evenness index. The percentage of Norway spruce showed a downward trend. Overall had
time along the chronosequence a large and significant effect on the diversity. Also, the woody
species composition changed along the chronosequence and tends to become more
deciduous and less coniferous, while the percentage of native trees increases. There is no
significant effect of years since first dieback on the size of Norway spruce, other factors had a
small but significant influence on the size of Norway spruce. The species composition is similar

at the unaffected and early affected years, but different compared to later affected years.
4.1 differences in species diversity

Species diversity is a common used representation of ecological change and can be measured
in multiple ways, such as species richness and diversity indices (Hamilton, 2005). It was
observed that the species richness increases with sites being affected longer. However, years
since first affected may not necessarily be the only important determinant in explaining the
increase in species richness. Other factors like land use history and location, could have a large
influence on the species richness. Due to the sandy soil in Hart van Drenthe, species richness
is limited. Species richness reaching an equilibrium is debated (Storch & Okie, 2019), but an
equilibrium appears to not have been reached here. Nevertheless there is a limit to the
number of species able to grow on sandy soil (Gxasheka et al., 2023). An increase in species
richness in earlier years after first affected, as found in this study, was sporadically found
previously (Smit & OIff, 1998), however more often species richness increases after at least 10
years (Bard, 1952; Bazzaz, 1975; Monk, 1983). Light availability has a large effect on species
richness (Dormann et al., 2020), in this study canopy cover was added as factor but has no
significant influence on the species richness. Tree logging in forests is shown to have a
significant negative effect on woody vegetation species richness (Clark & Covey, 2012), as also
shown in this study. Shannon diversity increases in this study, with a positive peak in Shannon
diversity after 14 years of first affected. Shannon diversity increases in the absence of grazing

and decreases with grazing, often no significant changes were found under grazing (Lyseng et
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al., 2018; Ramirez et al., 2019). In this study the effects of grazing were not studied, however
grazing was only observed in deciduous woody vegetation and not in coniferous woody
vegetation, while at the same time the number of deciduous trees and species increases along
the chronosequence. The evenness studied with Buzas Gibson showed a decrease in evenness
overtime, however the trend was not significant. The evenness showed 2 positive peaks at the
start (0 and 3 years) and again in the middle (6 and 14 years). Changes in evenness were best
explained by multiple variables, year since first affected, the percentage of ground covered by
moss, the thickness of the humus layer, the percentage of woody vegetation smaller than
30cm and number tree stumps. Evenness shows more often no change in temperate forests,
however long after thinning a small decrease in evenness has been found (Palm et al., 2022;
Xie et al.,, 2023). The dominance in Norway spruce seemed constant along the
chronosequence, with overall a higher number of low Norway spruce dominant sites in areas
with earlier first dieback. A Norway spruce dominant forest remains a Norway spruce forest,
despite mass mortality (EkO et al., 2008; Fora & Balog, 2021; Hentschel et al., 2014; Huth et
al., 2017; A. Kupferschmid et al., 2002; A. D. Kupferschmid et al., 2006; Pretzsch et al., 2020).

However, in this study an increase in species richness was found.

4.2 differences in type and origin
A decrease in coniferous trees and tree species combined with a decrease in exotic tree species
was shown in this study. Overall research has shown that rewilding causes a decrease in
monocultural trees. Natural regeneration of different species in a monocultural forest is mostly
due to seeds infiltrating from outside the forest (Dey et al., 2019). Mixed forests increase
diversity in other groups as well, such as invertebrates and birds, however this was not studied
here. (Leidinger et al., 2021; Riffell et al., 2011; Zaitsev et al., 2014). The proportion of type
and origin changed along the chronosequence. Nevertheless, the absolute numbers showed a
decrease in regeneration at timepoint 3 and 5. This decrease in absolute numbers is hard to
explain, but most of its variation is likely to be described to a change in location
(Hooghalen/Grolloo) or to a change in location of the plot within the site. Lastly the results

shown are of a chronosequence, and therefore do not show actual change overtime.

4.3 Changes in size in Norway spruce regeneration
Norway spruce is a fast-growing tree species, and the growth rate is density depended,

although thinning doesn’t have an effect on the growth rate. While increase thinning,
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increases volume growth. (Gizachew & Brunner, 2011). In agreement to this study, here it was
shown that a lot of variables affect the size of Norway spruce despite thinning (tree logs) and
years, but the effects of volume growth were not studied here. Long periods of drought favors
small Norway spruce (Pretzsch et al., 2018). With climate change and longer periods of
drought, a preference for small trees can be explained. In this study the whole study area has
a similar climate including similar drought periods. Individual Norway spruce trees experience
different growth rates, mostly due to fitness differences (Avanzi et al., 2020). In this study
hardly any regenerated large adult trees were found, only a few individual trees gain the
opportunity to grow into a large adult tree, but without optimal climate condition this is not

reached.

4.4 Species composition changes
Overtime the monocultural forest changed into a more diverse forest. The species composition
changed along the chronosequence. Previous studies shown monocultural Norway spruce
forests remain, even after less human influence in forests (Eko et al., 2008; Fora & Balog, 2021;
Hentschel et al., 2014; Huth et al., 2017; A. Kupferschmid et al., 2002; A. D. Kupferschmid et
al., 2006; Pretzsch et al., 2020). Although other studies shown a decrease in monocultural
Norway spruce forests, however it is very time consuming (Térauds et al., 2011). In this study
it was shown that the change in species composition occurs around 14 years after first affected.
There is large time gap between first affected 6 years ago and 14 years ago. The species
composition change has a direction, however the direction itself is hard to predict. Even
though there is still a large percentage of Norway spruce in sites affected first at least 14 years
ago, the species composition is completely different compared to the species composition at

earlier or unaffected sites with mostly Norway spruce.

4.5 Future research
The Hart van Drenthe study area, used to be characterized by patches of monocultural Norway
spruce forest, with trees of the same age and a limit number of regeneration of any species.
By decreasing human influence with a rewilding management in the forest, there is a trend
towards a more diverse forest. Nevertheless, this study showed a small time period with quite
some significant holes in the chronosequence. Repeating the study with the same sites in

approximately 5 years, the sites have evolved into a time period similar to this study. Showing
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a more accurate representation of the actual changes over time, including the effect of sites

on a small scale within Hart van Drenthe.
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Supplementary figure 1

(S1): Species list

Species
Pabi
Sauc
Rfra
Pser
Alae
Pmen
Lkae
Fsyl
laqu
Pnig
Qrob
Sari
Psyl
Bspe

Name latin

Picea abies

Sorbus aucuparia
Rhamnus frangula
Prunus serotina
Amelanchier laevis
Pseudotsuga menziesii
Larix kaempferi
Fagus sylvatica

llex aquifolium
Pinus nigra
Quercus robur
Sorbus aria

Pinus sylvestris

Betula species

Name english
Norway spruce
Mountain ash
Alder buckthorn
black cherry
Allegheny serviceberry
Douglas fir
Japanese larch
European beech
Common holly
Black pine
English oak
Whitebeam
Scots pine

Birch

Name dutch

Fijnspar

Wilde lijsterbes
Sporkehout
Amerikaanse vogelkers
Drentse krentenboom
Douglasspar

Japanse lariks

Beuk

Hulst

Zwarte den

Zomereik

Meelbes

Grove den

Berk

Type

Coniferous
Deciduous
Deciduous
Deciduous
Deciduous
Coniferous
Coniferous
Deciduous
Deciduous
Coniferous
Deciduous
Deciduous
Coniferous

Deciduous

Origin
Exotic
Native
Native
Exotic
Exotic
Exotic
Exotic
Native
Native
Exotic
Native
Native
Exotic

Native
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